Preexisting humoral immunity to adeno-associated virus (AAV) vectors may limit their clinical utility in gene delivery. We describe a novel caprine AAV (AAV-Go.1) capsid with unique biological properties. AAV-Go.1 capsid was cloned from goat-derived adenovirus preparations. Surprisingly, AAV-Go.1 capsid was 94% identical to the human AAV-5, with differences predicted to be largely on the surface and on or under the spike-like protrusions. In an in vitro neutralization assay using human immunoglobulin G (IgG) (intravenous immune globulin [IVIG]), AAV-Go.1 had higher resistance than AAV-5 (100-fold) and resistance similar to that of AAV-4 or AAV-8. In an in vivo model, SCID mice were pretreated with IVIG to generate normal human IgG plasma levels prior to the administration of AAV human factor IX vectors. Protein expression after intramuscular administration of AAV-Go.1 was unaffected in IVIG-pretreated mice, while it was reduced 5-and 10-fold after administration of AAV-1 and AAV-8, respectively. In contrast, protein expression after intravenous administration of AAV-Go.1 was reduced 7.1-fold, similar to the 3.8-fold reduction observed after AAV-8 administration in IVIG-pretreated mice, and protein expression was essentially extinguished after AAV-2 administration in mice pretreated with much less IVIG (15-fold). AAV-Go.1 vectors also demonstrated a marked tropism for lung when administered intravenously in SCID mice. The pulmonary tropism and high neutralization resistance to human preexisting antibodies suggest novel therapeutic uses for AAV-Go
Preexisting humoral immunity to adeno-associated virus (AAV) vectors may limit their clinical utility in gene delivery. We describe a novel caprine AAV (AAV-Go.1) capsid with unique biological properties. AAV-Go.1 capsid was cloned from goat-derived adenovirus preparations. Surprisingly, AAV-Go.1 capsid was 94% identical to the human AAV-5, with differences predicted to be largely on the surface and on or under the spike-like protrusions. In an in vitro neutralization assay using human immunoglobulin G (IgG) (intravenous immune globulin [IVIG]), AAV-Go.1 had higher resistance than AAV-5 (100-fold) and resistance similar to that of AAV-4 or AAV-8. In an in vivo model, SCID mice were pretreated with IVIG to generate normal human IgG plasma levels prior to the administration of AAV human factor IX vectors. Protein expression after intramuscular administration of AAV-Go.1 was unaffected in IVIG-pretreated mice, while it was reduced 5-and 10-fold after administration of AAV-1 and AAV-8, respectively. In contrast, protein expression after intravenous administration of AAV-Go.1 was reduced 7.1-fold, similar to the 3.8-fold reduction observed after AAV-8 administration in IVIG-pretreated mice, and protein expression was essentially extinguished after AAV-2 administration in mice pretreated with much less IVIG (15-fold). AAV-Go.1 vectors also demonstrated a marked tropism for lung when administered intravenously in SCID mice. The pulmonary tropism and high neutralization resistance to human preexisting antibodies suggest novel therapeutic uses for AAV-Go.1 vectors, including targeting diseases such as cystic fibrosis. Nonprimate sources of AAVs may be useful to identify additional capsids with distinct tropisms and high resistance to neutralization by human preexisting antibodies.
Adeno-associated viruses (AAVs) are members of the Parvoviridae family (27, 28) . AAV genomes consist of a singlestranded DNA molecule of approximately 4.7 kb that encodes two genes, rep and cap, which are flanked by inverted terminal repeat (ITR) sequences. The rep gene encodes a set of four proteins that mediate viral replication and site-specific integration and also modulate gene transcription from the AAV, host cell, and helper virus promoters. The cap gene encodes a set of three progressively longer capsid proteins, VP1, VP2, and VP3. The ITRs are palindromic DNA structures that allow replication of the linear viral genome and also act as packaging signals.
AAVs are replication defective and require coinfection by helper viruses, typically adenovirus or herpesvirus, for productive infection. AAV vectors are DNA transfer vehicles which are constructed by packaging therapeutic genes, bounded by AAV ITRs, into AAV capsids. All viral sequences except for the nontranscribed ITR sequences are eliminated. To date, all AAV vectors used in clinical trials are derived from AAV-2, the most extensively characterized AAV (17) . More recently, other AAVs have been identified from primates (4, 5, 15, 16, 25, 26, 28, 30, 35) . Nonprimate AAVs also have been found, including equine (11), ovine (7), avian (2, 12) , bovine (32) , and snake (13) AAVs. Vectors made from these novel AAVs have distinct tropisms, dose response profiles, and serum neutralization susceptibilities (3, 18) .
The potential utility of AAV-2 vectors for treating serious human diseases including hemophilia A and B (8), Parkinson's disease (1, 19, 31) , heart failure (9, 21), and cystic fibrosis (14) , among others, has been established in animal models. However, the presence of human preexisting antibodies reactive with primate AAV serotypes may reduce the clinical usefulness of vectors made from these serotypes (17) . In particular, a significant proportion of humans have antibodies that neutralize AAV serotypes 1 to 6 (R. Surosky and P. Colosi, personal communication) . Recent experiments have demonstrated that the injection of human antibodies into mice to generate sera with low neutralizing titers significantly reduced transduction with AAV-2 vectors (31a). To address the problem of human preexisting humoral immunity to primate serotypes, we screened adenovirus preparations from several nonprimate species to find novel AAV capsids having little or no preexisting immunity in humans. We describe here a new AAV capsid, isolated from a goat, with low preexisting humoral immunity in humans and a potentially useful tissue tropism. 6 cells per dish in 10 ml of cell culture medium consisting of Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum and incubated in a humidified environment at 37°C in 5% CO 2 . After overnight incubation, 293 cells were approximately 80% confluent. The HEK 293 cells were then transfected with DNA by the calcium phosphate precipitate method. Ten micrograms of each vector (pHLP19-Go.1, pLadeno5, and pVmLacZ) were added to a 3-ml sterile, polystyrene snap-cap tube using sterile pipette tips. A 1.0-ml quantity of 300 mM CaCl 2 (Sigma) was added to each tube and mixed by pipetting up and down. An equal volume of 2ϫ HBS (274 mM NaCl, 10 mM KCl, 42 mM HEPES, 1.4 mM Na 2 PO 4 , 12 mM dextrose, pH 7.05, JRH grade) was added with a 2-ml pipette, and the solution was pipetted up and down three times. The DNA mixture was immediately added to the HEK 293 cells, one drop at a time, evenly throughout the dish. The cells were then incubated in a humidified environment at 37°C in a 5% CO 2 atmosphere for 6 h. A granular precipitate was visible in the transfected cell cultures. After 6 h, the DNA mixture was removed from the cells, which were then incubated with fresh cell culture medium without fetal calf serum for an additional 72 h. After this time, the cells were lysed by three cycles of freezing on solid carbon dioxide and thawing in a 37°C water bath. Vector was purified by polyethelyene glycol precipitation followed by two rounds of CsCl density gradient centrifugation as described previously (18) . The purified vector was formulated in phosphate-buffered saline-0.01% Pluronic F-68 and sterile filtered (0.22-m pore size).
Vector genome (vg) titers were established by taking the average of three quantitative PCR determinations (20) using primers and probe specific for hFIX as previously described (33) .
Viral purity was assessed by SDS-polyacrylamide gel electrophoresis (Invitrogen, Carlsbad, CA) and silver staining (Daiichi, Tokyo, Japan). Monodispersity was assessed by dynamic light scattering using a Protein Solutions DynaPro model according to the manufacturer's recommendations (Charlottesville, VA). Analysis of 1 ϫ 10 12 to 1 ϫ 10 11 particles in a volume of 12 l showed hydrodynamic radii of 12 nm for 100% of the vectors in each preparation used for the in vivo studies (AAV-1 hFIX9, AAV-Go.1 hFIX9, AAV-Go.1 hFIX16, AAV-8 hFIX9, and AAV-8 hFIX16), indicating that the particles were monomeric and not aggregated.
Vector preparations used in vivo had low levels of endotoxin (AAV-Go.1 hFIX9, 0.221 to 0.458 endotoxin units [EU]/ml; AAV-Go.1 hFIX16, 0.356 EU/ ml; AAV-8 hFIX9, 0.387 EU/ml; AAV-1 hFIX16, 0.458 EU/ml).
In vitro transduction assay. HepG2 cells (ATCC, catalog no. HB-8065) were infected with AAV-Go.1 lacZ, AAV-2 lacZ, or AAV-8 lacZ for 1 hour with serial dilutions (5 ϫ 10 6 to 1 ϫ 10 10 vg per well) of each vector in Dulbecco's modified Eagle's medium containing 0.1% bovine serum albumin (BSA). The medium was replaced with fresh medium containing 10% fetal calf serum and 20 M etoposide (Calbiochem). After 24 h at 37°C the cells were fixed using 2% formaldehyde and 0.2% glutaraldehyde and stained using 5-bromo-4-chloro-3-indolyl-␤-D-galactoside (X-Gal). After another 24 h, the numbers of blue cells in four random microscopic fields were counted and averaged for each well.
In vitro neutralization of AAV vectors by IVIG. Human intravenous (i.v.) immune globulin (IVIG; Panglobulin; ZLB Bioplasma, Inc., Glendale, CA) was resuspended in water at a concentration of 100 mg/ml and then serially diluted in twofold increments using mouse serum (Nieffenegger Company, Woodland, CA) and heated at 56°C for 30 min. Virus was diluted to 2.5 ϫ 10 9 vg/l using Eagle's minimum essential medium (EMEM) containing 0.1% BSA (fraction V; Sigma). All neutralization reactions were performed in triplicate. Samples of EMEM-0.1% BSA and mouse serum alone were included as controls. Ten microliters of diluted AAV lacZ vector was mixed with 10 l of serial dilutions of the IVIG and incubated at 37°C for 1 hour. During the incubation, the HepG2 cells (ATCC catalog no. HB-8065) were washed once with EMEM and then 0.5 ml of EMEM-0.1% BSA was added to each well. The amount of vector-IVIG mixture added to the cells for each vector was based on each vector's transduction efficiency; dilutions of the mixture were prepared for the vectors with higher transduction efficiency in order to have an equivalent number of blue cells when reading the plates transduced with different vectors. After 1 hour of incubation at 37°C, fetal bovine serum and etoposide were added to each well at a final concentration of 10% and 20 M, respectively. Cells were incubated for 24 h and fixed as described above to detect ␤-galactosidase activity. After another 24 h, the number of blue cells in each well was counted using light microscopy. The lowest concentration of IVIG tested showing 50% or higher neutralization was determined.
In vitro neutralization antibody assay of mouse plasma samples. Mouse plasma samples from subject mice were heated at 56°C for 30 4 , 0.27% ␤-mercaptoethanol, and 0.005% SDS. The plates were frozen at Ϫ80°C and then thawed at 37°C for 15 min. After the addition of the substrate (20 l of a 4-mg/ml stock of ONPG [o-nitrophenyl-␤-D-galactopyranoside] in lysis buffer without SDS) plates were incubated at 37°C for 20 to 60 min, and the lacZ activity was measured by reading plates at an absorbance wavelength of 420 nm and analyzed with Softmax Pro software (Molecular Devices, Sunnyvale, CA). Background was defined as the absorbance in untransduced wells. Percentage of inhibition on AAV lacZ was determined as 100 Ϫ {[test sample optical density (OD) Ϫ background OD]/[naïve mouse serum OD Ϫ background OD] ϫ 100}. Percentage of inhibition on AAV lacZ versus serum dilution was plotted and fitted using a four-parameter logistic curve fit in Sigma plot software (Systat Software Inc., Point Richmond, CA). The neutralizing titer was determined as either the 50% effective dose or the serum dilution at which 50% or higher inhibition occurred.
In vitro transduction of striatal neurons and glial cells. Primary cultures of dissociated striatal neurons were prepared from embryonic day 18 SpragueDawley rat embryos as described previously (10) . Cultures were incubated with AAV lacZ vectors (10 4 vector genomes per cell) for 5 days. Immunocytochemistry was performed using a ␤-galactosidase antibody (AB1211, 1:2,000; Chemicon, Temecula, CA) followed by incubation with the secondary antibody, antimouse immunoglobulin G (IgG) conjugated to Alexa Fluor 594, diluted 1:100 (Molecular Probes, Eugene, OR).
In vivo transduction of muscle. Male SCID mice (cBySmn.CB17-Prkdc scid /J; The Jackson Laboratory, Maine) (15 to 25 g, 6 weeks old) were injected with AAV-Go.1 hFIX9, AAV-1 hFIX9, or AAV-8 hFIX9 vector (2 ϫ 10 11 vector genomes per mouse, five mice per group) in two sites of the quadriceps muscle (25 l per site). Retro-orbital blood was collected at 7-day intervals after vector injection, and circulating plasma concentrations of hFIX were measured by enzyme-linked immunosorbent assay (ELISA) (FIX-EIA; Affinity Biologicals). All samples were assessed in duplicate. The limit of quantitation was 2 ng/ml hFIX (based on the average assay background ϫ 10 standard deviations). Mice tested with IVIG were injected with 414 l of 100-mg/ml IVIG intravenously 24 h before the vector injection. The amount of IVIG circulating in the mouse blood volume of 1.8 ml was expected to be reduced by half after the equilibration with the extravascular space 24 h later to yield a neutralizing titer of approximately 1:300 at the time of the vector injection (based on previous experiments by C. D. Scallan, T. Liu, S. Patarroyo-White, H. Jiang, J. M. Sommer, S. Zhou, L. Couto, and G. F. Pierce, submitted for publication).
In vivo transduction of liver. Male SCID mice (15 to 25 g) were injected via the tail vein with 5 ϫ 10 11 vector genomes of AAV-Go.1 hFIX16 or AAV-8 hFIX-16 vectors (five mice per group). The AAV-2 vector data were derived from a separate experiment and were added for comparison. Retro-orbital blood was collected 1, 2, and 4 (five mice per group) and 8 (two mice per time point) weeks after injection, and circulating plasma concentrations of human factor IX were measured by ELISA (34) . All samples were assessed in duplicate. Mice tested with IVIG were injected with 180 l of 100-mg/ml IVIG via the tail vein 24 h before the vector injection. The neutralizing titer at the time of the vector injection was 150.
Mice injected with AAV-2 vector received a lower dose of IVIG (9 l of 100-mg/ml IVIG, 5% of the dose which the other vector groups received).
Biodistribution of AAV vectors. For biodistribution analyses, mice (two mice per group) were sacrificed and the organs were collected 4 weeks after vector injection. Organs collected included brain, testis, skeletal muscle (quadriceps), kidney, spleen, lung, heart, and liver. To measure copies of the hFIX transgene, quantitative PCR was performed on DNA samples extracted from the different tissues (18) .
Nucleotide sequence accession number. The full DNA sequence for the AAV-Go.1 capsid has been submitted to GenBank with the accession number AY724675.
RESULTS
Isolation of the caprine AAV capsid gene. Four adenovirus preparations derived from a pool of postmortem ileum samples from four young goats concurrently afflicted with viral catarrhal enteritis and bacterial fibrinous pleuropneumonia (29) were received from the National Animal Disease Center (Ames, IA) for AAV screening. The four adenovirus preparations shared the same inoculum but were propagated using different host cells (ovine turbinate cells, primary lamb kidney cells, or Madin-Darby bovine kidney cells). Two different passages of the primary lamb kidney-derived virus were screened. Virus propagation, DNA purification, and PCR were performed in the absence of any primate-derived materials. PCRbased AAV screening employing primers homologous to the highly conserved helicase domain of rep and DNA binding domain of cap amplified a 1.5-kb fragment from all four adenovirus preparations. Sequence analysis of this PCR fragment revealed a high homology to AAV-5. Primers corresponding to the 3Ј untranslated region of AAV-5 were then used to amplify and clone the full-length AAV caprine (AAV-Go.1) capsid gene. DNA sequence analysis revealed that the VP1 open reading frame of caprine AAV (GenBank accession number AY724675) was 93% identical to VP1 of AAV-5 at the nucleotide level and 94% identical when translated (Fig. 1) . All of the 42 differences between AAV-Go.1 and AAV-5 capsid amino acid sequences are confined to the last half of the capsid gene. Molecular modeling based on the surface structure of the AAV-2 capsid (PDB identification no., 1LP3) predicted that 29 out of 42 amino acid differences between AAV-Go.1 and AAV-5 are located on the exterior of the goat capsid, mainly on a surface feature that crystallographers refer to as the spike (Fig. 2) . Ten amino acid differences are buried just under the surface of the spike, and two differences are internal. Caprine AAV VP1 also has an insertion of two amino acids (SS) at positions 481 and 482 relative to AAV-5. The differences between AAV-Go.1 and AAV-5 capsid also are not found in any of roughly 145 other known AAV capsid sequences and thus could impart unique properties to the AAV-Go.1 capsid in terms of tropism or human preexisting humoral immunity.
In vitro transduction by caprine AAV vectors. One important tissue considered for gene therapy applications is the liver; therefore, in vitro transduction activities were assessed by infecting HepG2 cells. We compared caprine AAV transduction of this hepatocyte cell line with that of AAV-2 and AAV-8. We chose AAV-2 because it is the AAV prototype and was previously used in clinical trials targeting the liver and AAV-8 because it has been shown to transduce mouse liver very efficiently (16); for these same reasons these vectors were used for the in vivo experiments described below. Using the same vector genome input, transduction with AAV-Go.1 lacZ vector was 200-fold lower than that with AAV-2 lacZ vector but 20-fold higher than that with the AAV-8 lacZ vector. Taking into account the different transduction efficiencies previously observed for each vector, we calculated adjusted (normalized) ratios so as to use the same vector genome input. Thus, we determined the transduction efficiency of AAV-Go.1 lacZ vector to be 200-fold lower than that of AAV-2 lacZ vector but 20-fold higher than that of the AAV-8 lacZ vector.
The ability of the AAV-Go.1 capsid to transduce neurons, another significant target of AAV gene therapy, was studied using primary cultures derived from rat striatum. Here we describe for the first time the transduction of these cultures by AAV. Therefore, we used a panel of different AAV capsid serotypes and compared them to the caprine AAV. Although the AAV-Go.1 lacZ vector was able to transduce rat striatal cultures, its efficiency was modest compared to that of primatederived AAVs. AAV-6 lacZ vector transduced the cultures most efficiently, followed by the AAV-8, AAV-2, AAV-5, and AAV-4 lacZ vectors (Fig. 3) . While AAV-6 lacZ vector transduced neurons exclusively, AAV-5 lacZ vector-mediated gene expression was observed exclusively in glial cells. All other vectors, including AAV-Go.1, transduced both neuronal and glial cells.
In vitro neutralization of caprine AAV vectors. In order to examine the effect of preexisting human humoral immunity on the transduction by caprine AAV vectors in vitro, we preincubated AAV-Go.1 lacZ vector with increasing concentrations of IVIG prior to transducing human HepG2 cells. IVIG is purified human IgG derived from the pooled plasma of approximately 50,000 individuals. We also evaluated several primate-derived AAV vectors for comparison. Most of the primate-derived AAV vectors were neutralized at IVIG concentrations of 10 mg/ml (concentrations of IVIG included in the assay were 50, 10, 1, 0.1, and 0.01 mg/ml), the concentration of IgG found in human plasma, with the exception of AAV-4 and AAV-8 vectors, which were more resistant. The IVIG resistance of the AAV-Go.1 lacZ vector was similar to that of the AAV-4 and AAV-8 vectors (Table 1) . Surprisingly, when AAV-Go.1 lacZ and the closely related AAV-5 lacZ vectors were compared (concentrations of IVIG included in the assay were 50, 25, 12.5, 6.25, 1, 0.5, 0.1, and 0.05 mg/ml), we found that AAV-Go.1 vectors required 500-fold-higher concentrations of IVIG for neutralization than AAV-5 did (Table  1) . These results underscore the potential usefulness of recombinant caprine AAV vectors for human applications, particularly in cases where there is significant exposure of the vector to blood prior to reaching the target tissue.
Mouse model for evaluating preexisting human humoral immunity. To create a model system for evaluating the effect of human preexisting humoral immunity on vector transduction in vivo, we infused male SCID mice with IVIG, 24 h prior to vector administration (31a). This model creates in mice circulating human IgG concentrations that are similar to those found in the human population. The IgG epitope diversity in the mice is the average of the IgG epitope diversities of the approximately 50,000 plasma samples from which the IVIG , 10 buried differences (in yellow), and two internal differences (in cyan). Because the spikes in AAV-5 and caprine AAV are predicted to be shorter than those in AAV-2, the amino acids 315 to 320 in AAV-2 were deleted in this figure to simulate this difference in sequence and structure.
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CAPRINE AAV 15241 was derived. Eighteen milligrams of IVIG was used per animal in experiments examining intravenous administration, and 41 mg of IVIG was used per animal in experiments examining intramuscular administration. Immediately prior to vector administration, a plasma sample was taken and assayed for IVIG content by examining the neutralizing titer against AAV-2 lacZ vectors. Mice used for transduction experiments by the i.v. and intramuscular routes had at the time of the injection 5 mg/ml and 10 mg/ml of circulating IVIG, respectively (these concentrations correspond to AAV-2 approximate neutralizing titers of 1:150 and 1:300, respectively). The hFIX vector (named hFIX16) administered intravenously employed a liver-specific, ApoE/hAT, enhancer/proximal promoter (18) , and the hFIX vectors administered intramuscularly (named hFIX9 vectors) were driven by the CMV immediate-early promoter (22) . Both sets of animals are a model for the effect of preexisting human humoral immunity on vector administered via nonvascular and vascular routes.
Intramuscular administration of CMV hFIX vectors in the presence and absence of IVIG. SCID mice were injected intramuscularly with 2 ϫ 10 11 vector genomes of AAV-Go.1 hFIX9, AAV-1 hFIX9, or AAV-8 hFIX9 vectors (five mice per group). AAV-1 and AAV-8 were used for comparison because it has been established that they efficiently transduce mouse skeletal muscle (15, 17) . We observed only low levels of hFIX in the plasma of the mice injected with the AAV-Go.1 hFIX9 vector, suggesting that the recombinant caprine AAV vector does not efficiently transduce muscle (Fig. 4) . As expected, high levels of expression were observed after administration of AAV-8 hFIX9 and AAV-1 hFIX9 vectors.
When SCID mice were injected with IVIG (41 mg/animal) prior to injection of vector, the plateau level of expression from the AAV-1 hFIX9 vector was reduced fivefold, whereas the plateau level of expression from the AAV-8 hFIX9 vector was reduced 10-fold. In contrast, expression mediated by AAVGo.1 hFIX9 vector, though low, was unaffected by the presence of IVIG. The animals had an anti-AAV-2 neutralizing titer of 1:300, which corresponds to plasma IVIG concentrations of 10 mg/ml. i.v. administration of ApoE/hAT (liver-specific) hFIX vectors in the presence and absence of IVIG. SCID mice were injected intravenously with 5 ϫ 10 11 vector genomes of AAVGo.1 hFIX16 or AAV-8 hFIX16 vectors in the presence and absence of IVIG (Fig. 5A) . Eighteen milligrams of IVIG was administered per animal, producing plasma anti-AAV-2 titers of 1:128 Ϯ 11. AAV-2 hFIX16 vector data are shown for comparison (Fig. 5B ). Animals injected with the AAV-2 vector were pretreated with 0.9 mg of IVIG per animal, and the anti-AAV-2 titer before the AAV-2 injection was 1:10. In the absence of IVIG pretreatment, the AAV-Go.1 hFIX16 vector produced plasma hFIX levels that were approximately 10-fold lower than those produced by the AAV-2 hFIX16 vector and 40-fold lower than those produced by the AAV-8 hFIX16 vector. The hFIX expression construct was driven by a wellcharacterized liver-specific promoter, and consequently we presume that most, if not all, of the hFIX expression is from the liver (8) . In the presence of IVIG, the plasma hFIX concentrations produced by the AAV-8 hFIX16 and AAV-Go.1 hFIX16 vectors were reduced to 26% and 14% of the levels produced in the absence of IVIG, respectively. Therefore, the transduction of liver by the caprine AAV was more sensitive to the presence of IVIG than was that by AAV-8. Expression from the AAV-2 hFIX16 vector was reduced to undetectable levels (Ͻ2 ng/ml) by a far lower amount of circulating IVIG.
Biodistribution of AAV-Go.1 in mice. For the biodistribution analysis, mice were euthanized 4 weeks after i.v. injection of 5 ϫ 10 11 vg per mouse. Organs collected included brain, testis, skeletal muscle (quadriceps), kidney, spleen, lung, heart, and liver. To measure the copy number of the hFIX gene, quantitative PCR was performed. The biodistribution analysis of intravenously administered AAV-Go.1 hFIX16 vector in male SCID mice indicated that the caprine AAV had a pronounced lung tropism (Fig. 6 ). While 91% of the vector genomes were detected in the lung of AAV-Go.1-injected mice, only 0.04% of the total vector genomes were detected in the lung after AAV-8 injection (2,300-fold increase in lung tropism). AAV-Go.1 biodistribution was more restricted than that of AAV-8. No gene transfer was observed in testes, suggesting that germ line transfer with intravenously administered AAV-Go.1 is not likely to be significant. Unlike AAV-8, gene transfer to brain was not observed after intravenous administration.
DISCUSSION
We identified, cloned, and characterized a novel caprine AAV capsid and analyzed its potential for use as a vector for human gene therapy. A salient feature of the amino acid sequence of this capsid is its high homology (94%) to AAV-5. These highly homologous AAV capsids have been isolated from evolutionarily divergent species. A similar case was the   FIG. 4 . Transduction of muscle in SCID mice. Male mice were injected intramuscularly with 2 ϫ 10 11 vector genomes of rAAV-1 hFIX9, rAAV-8 hFIX9, and rAAV-Go.1 hFIX9 with (empty symbols) and without (filled symbols) previous administration of IVIG. Human factor IX concentration was measured by ELISA. Each data point corresponds to the mean of five animals. The human factor IX concentration in the control animals was considered a blank and was subtracted from human factor IX levels in the experimental animals. The amount of IVIG present in the plasma of the animal at the time of injection with the vector was calculated to be 10 mg/ml based on the AAV-2 neutralizing titer of 1:300. Squares, AAV-1; diamonds, AAV-8; circles, AAV-Go.1. 11 vector genomes of rAAV-Go.1 hFIX16 (circles) or rAAV-8 hFIX16 (diamonds) (n ϭ 5). Retro-orbital blood was collected 1, 2, and 4 (n ϭ 5) and 8 (n ϭ 3) weeks after vector injection. Transduction was in the presence (empty symbols) or absence (filled symbols) of IVIG. Mice tested with IVIG were injected via the tail vein (250 l at 100 mg/ml), 24 h before injection with the vector. In the case of AAV-Go.1 and AAV-8 the neutralizing titer was 1:120. Human factor IX was measured by ELISA. (B) In a separate study SCID mice were injected with rAAV-2 hFIX16. Empty and filled symbols, presence and absence of IVIG, respectively. Mice tested with IVIG were injected with the same total volume of 250 l used for the injections above but now containing 9 l at 100 mg/ml; the neutralizing titer when the virus was injected was 1:10.
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CAPRINE AAV 15243 unanticipated homology of goose parvovirus VP1 to AAV2 VP1 (70%) (36) . An important question that arises as a result of this discovery is whether AAV-5 or AAV-Go.1 directly evolved from the other, due to an interspecies transfer, or whether both evolved independently. AAV-5 is clearly of human origin, having been isolated from a human penile flat condylomatous lesion. The high AAV-5 neutralizing titer of IVIG implies that AAV-5-like viruses are probably relatively common in the human population. Similarly, the fact that two AAV-5-like viruses, the goat and cow AAVs (32), have been isolated from domesticated ruminants implies that AAV-5-like viruses may also be prevalent in this population. Humans and domestic ruminants have been living in close contact for approximately 10,000 years, and it would not be surprising if AAV-5-like viruses have evolved the ability to propagate in either host. There are several precedents for this with other viruses (6) . Because AAV-Go.1 and AAV-5 share so much sequence homology, it seems most likely that one is probably a rather direct descendant of the other. Until a more comprehensive virus survey is done of both the human and ruminant populations, it will not be possible to determine the probable directionality of the interspecies jump. Structural modeling of the AAV-5 and goat capsids, based on the crystal structure of AAV-2, predicts that most of the amino acid differences between AAV-5 and caprine AAV lie on or under the spike of the capsid. The fact that all but two of the amino acid differences between AAV-5 and AAV-Go.1 are on the exterior or exterior-proximal regions of the capsids suggests that their evolutionary divergence is being driven principally by selective pressures that affect the exterior of the capsid. These may include humoral immunity and changes in receptor usage. The fact that few amino acid differences occur in regions other than the surface and surface-proximal regions suggests that T-cell immunity is not a principal driving force in the divergence of AAV-5 and AAV-Go.1.
Amino acid differences on the surfaces of AAV-Go-1 and AAV-5 have resulted in tropism differences that may indicate that the two viruses differ in receptor usage or other entry functions. When used to transduce the mixed cell populations that comprise rat striatal primary cultures, AAV-5 lacZ vectors transduced exclusively glial cells, while AAV-Go.1 lacZ vectors transduced neurons and glial cells. Furthermore, sialic acid, an inhibitor of AAV-5 transduction, does not inhibit transduction by AAV-Go.1.
AAV-Go.1 vectors are similar to AAV-4 and AAV-8 vectors in terms of resistance to neutralization by IVIG, in vitro, and substantially more resistant than AAV-1, AAV-2, AAV-3B, AAV-5, and AAV-6 vectors. It is remarkable that AAV-Go.1 and AAV-5 share 94% of their amino acids and yet differ in resistance to IVIG neutralization by 500-fold. In our in vivo model system for human preexisting humoral immunity, AAV-Go.1 vectors were more resistant to neutralization by IVIG than AAV-1 or -8 vectors when administered intramuscularly and were similar to AAV-8 vectors but far superior to AAV-2 vectors when administered by the i.v. route. Why IVIG resistance of the goat vector is better than that of the AAV-8 vector using one route of administration but similar using another is unclear but may relate to more rapid binding and internalization of AAV-Go.1 within skeletal muscle (despite less overall transduction).
Though far from exhaustive, we have begun to define the tropism of AAV-Go.1 vectors. AAV-Go.1 vectors transduce human cells (HepG2) in vitro, and transduction is not inhibited by heparin or sialic acid at concentrations inhibitory to AAV-2 and AAV-5 vectors, respectively. In SCID mice, AAV-Go.1 vectors transduce skeletal muscle about 2 logs more poorly than AAV-1 or -8 vectors. Biodistribution studies in SCID mice revealed that AAV-Go.1 vectors have a pronounced tropism for lung; 91% of the vector administered intravenously was recovered in the lung. Because of the robust lung tropism, we cannot determine how efficiently tissues downstream from the lungs are transduced when vector is administered by tail vein. Small amounts of vector were recovered from the liver, kidney, and spleen.
In summary, we have isolated a novel AAV capsid from goats that raises questions with regard to the origin and evolution of human AAV-5. During the isolation of the caprine AAV no human cell cultures or products were employed. The unique tropism and substantial resistance to preexisting hu- FIG. 6 . Biodistribution of rAAV-Go.1 hFIX16 after intravenous administration in mice. Human factor IX double-stranded DNA was quantitated in eight tissues 4 weeks after AAV administration. Bars represent the mean numbers of copies and standard deviations after testing of two different animals. Black bars, AAV-Go.1 hFIX16; gray bars, AAV-8 hFIX16. Liver, lung, and spleen were also analyzed when vector delivery was performed in the presence of IVIG (crosshatched bars). ds, double stranded.
